The present-day ocean ventilation in the Arctic Mediterranean (Nordic Seas and Arctic Ocean), via transformation of northward inflowing warm Atlantic surface water into cold deep water, affects regional climate, atmospheric circulation and carbon storage in the deep ocean. Here we study the glacial evolution of the Arctic Mediterranean circulation and its influence on glacial climate using radiocarbon reservoir-age reconstructions on deep-sea cores from the Fram Strait that cover the late glacial period (33,000-20,000 yr ago; 33-20 ka). Our results show high Benthic-Planktic 14 C age differences of ∼1500 14 C years 33-26.5 ka suggesting significant water column stratification between ∼100-2600 m water depth, and reduction and/or shoaling of deep-water formation. This phase was followed by breakup of the stratification during the Last Glacial Maximum (LGM; 26-20 ka), with Benthic-Planktic 14 C age differences of ∼250 14 C years, likely due to enhanced upwelling. These ocean circulation changes potentially contributed to the final intensification phase of glaciation via positive cryosphere-atmosphereocean circulation-carbon cycle feedbacks. Our data also do not support 'extreme aging' of >6000 14 C years in the deep Arctic Mediterranean, and appear to rule out the proposed outflow of very old Arctic Ocean water to the Nordic Seas during the LGM and to the subpolar North Atlantic Ocean during the deglacial period.
Introduction
The Atlantic Meridional Overturning Circulation (AMOC) plays a key role in the Earth's climate system through its control on heat, freshwater, nutrient and greenhouse gas transports (Ganachaud and Wunsch, 2000; Rahmstorf, 2000; Takahashi et al., 2009 ). At present, the northern limb of the AMOC constitutes water mass transformation of northward inflowing warm Atlantic surface water to cold deep water through local overturning. This wellventilated deep water in the Arctic Mediterranean has a ventilation age of ∼500 yr, which is close to the surface water reservoir age of ∼400 yr (e.g., Hansen and Østerhus, 2000; Broecker and Peng, 1982; Mangerud et al., 2006) . The well-ventilated deep water overflows the Greenland-Scotland Ridge into the North Atlantic Ocean, forming a major part of the lower North Atlantic Deep Water (NADW) (e.g., Hansen and Østerhus, 2000) .
Paleoclimate research seeks a better understanding of AMOCclimate interactions through the study of the behavior of the AMOC and its controlling mechanisms under different climate states and on different time scales (e.g., Clark et al., 2002; Skinner et al., 2014; Pena and Goldstein, 2014) . In this regard, the structure and vigor of the AMOC during the Last Glacial Maximum (LGM; 26-19 ka, e.g., Clark et al., 2009 ) have been intensively investigated (e.g., Sarnthein et al., 1994; Curry and Oppo, 2005; Otto-Bliesner et al., 2007; Keigwin and Swift, 2017) . However, several aspects of the AMOC operation during the LGM remain largely unconstrained. For example, contrasting scenarios of deep ocean circulation in the Arctic Mediterranean during the LGM have been proposed, ranging from near-cessation to vigorous, as present-day, ocean ventilation (e.g., Veum et al., 1992; Bauch et al., 2001; Hoffmann et al., 2013; Thornalley et al., 2015; Meinhardt et al., 2016) . Many paleoceanographic studies of this issue are based on radiocarbon dating of marine carbonates (e.g., foraminifera, corals and mollusks) to infer past changes in ocean ventilation, based on the premise that these marine carbonates record the radiocarbon activity of ambient seawater (e.g., Broecker et al., 2004; Adkins and Boyle, 1997) . Radiocarbon age offsets between con- Yellow star refers to location of investigated sediment cores HH12-946MC and HH12-948MC (this study) and sediment core JM06-16MC published by Zamelczyk et al. (2012) . White circles refer to other core sites discussed in the text. Map is modified from Ezat et al. (2014 Ezat et al. ( , 2017 . (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.) temporary benthic (B) and planktic (P) foraminifera (B-P age differences) have been used as a proxy for ocean mixing between (near)surface and bottom waters (e.g., Broecker et al., 2004) . This ventilation proxy is best applied in regions where localized deep mixing exerts a significant influence on local deep-water radiocarbon activity. When independent calendar ages for marine records or knowledge about past surface reservoir ages are available, B-P age differences can be converted into Benthic-Atmosphere (here referred to as B-A) age differences. This allows for deep-ocean radiocarbon activities from contrasting hydrographic regimes to be correlated to a common atmospheric reference and provide a measure of the local deep ocean-atmosphere radiocarbon isotope disequilibrium (e.g., Skinner et al., 2010 ; for details about different methods for reconstructing 14 C-ventilation ages see Cook and Keigwin, 2015) . Benthic-atmosphere 14 C ventilation reconstructions from 2711 m water depth in the northern Norwegian Sea have been employed to suggest an extreme aging (up to 10,000 14 C years) and near-isolation of the deep Arctic Mediterranean during the LGM (Thornalley et al., 2015) . Episodic overflows of this aged Arctic/Nordic Seas reservoir into the subpolar North Atlantic across the Greenland-Scotland Ridge may have occurred during the last deglaciation (Thornalley et al., 2011 (Thornalley et al., , 2015 Ezat et al., 2017) . However, this scenario is inconsistent with reconstructions based on Nd isotope and Pa/Th proxies that suggest vigorous ocean circulation in the Arctic Ocean during the late glacial period (Hoffmann et al., 2013; Meinhardt et al., 2016) .
In this study, we investigate ventilation and ocean circulation changes in the central Fram Strait leading to and during the LGM related to climate variability using 14 C dates on benthic and planktic foraminiferal species. Thornalley et al. (2015) suggested that the inferred extremely aged water in the deep Norwegian Sea during the LGM was sourced from the central Arctic Ocean. The Fram Strait, the only deep gateway for exchange of deep water between the Arctic Ocean and the Nordic Seas, must therefore record the signature of this hypothesized Arctic outflow to the Nordic Seas. This makes the Fram Strait an ideal location to test the hypothesis of existence of an Arctic deep-water endmember with a ventilation age >6000 yr and its subsequent inflow to the Nordic Seas during the LGM.
Materials and methods
Two deep-sea multicores HH12-946MC (78 • 53 N; 01 • 45 W; 2637 m water depth, 42 cm length) and HH12-948MC (78 • 52 N; 00 • 21 E; 2542 m water depth, 44.5 cm length) were retrieved from the central Fram Strait during a cruise with R/V Helmer Hanssen in July 2012 (Fig. 1) . The two sediment cores have been sampled at 0.5 cm intervals on-board. The samples were weighed and freezedried. Subsequently, the dry samples were weighed and wet sieved through 1000, 500, 100 and 63 μm mesh-sizes. The residues were dried and weighed. More than 300 benthic foraminiferal specimens in core HH12-946MC from the size fraction >100 μm were counted and identified to species level. The number of benthic foraminifera in the deglacial part of the record was too low for quantification.
For stable carbon and oxygen isotope analyses ∼30 specimens of the planktic foraminiferal species Neogloboquadrina pachyderma Table 1 Benthic and planktic 14 C data from sediment core HH12-946MC. The δ 13 C was measured by a gas source mass spectrometer. Benthic 14 C-dates from top centimeter of the core yielded too young ages and are not plotted in Fig. 4 Pados et al., 2015) . We picked samples of O. umbonatus (size fraction 150-250 μm; 2 to 3 mg carbonate), N. pachyderma (size fraction 250-500 μm; 3 to 5 mg carbonate) and where available, mixed species of genus Pyrgo (mainly Pyrgo depressa; size fraction >500 μm) from sediment core HH12-946MC for radiocarbon dating. All specimens were carefully inspected under the microscope in order to inspect for any signs of contamination and only pristine specimens were included in the analyses. Foraminiferal samples were graphitized at the University of Cambridge (see Freeman et al., 2015 for detailed methodology) and subsequently analyzed by accelerator mass spectrometry at the 14 Chrono Centre, Queen's University Belfast, Northern Ireland. Some additional samples were both graphitized and analyzed at the 14 Chrono Centre, Queen's University Belfast (Table 1) , and two new samples (Pyrgo rotalaria and N. pachyderma) from sediment core LINK15 (61 • 45 N; 2 • 40 W, 1602 m water depth; Olsen et al., 2014) were also graphitized and analyzed there. No pretreatment was applied for the samples graphitized at the University of Cambridge, whereas samples graphitized at the Queen's University of Belfast were cleaned prior to the graphitization using 2 ml 15% hydrogen peroxide (with ultra-sonication for 3 min). Samples with and without pretreatment yielded indistinguishable results (Table 1) . We also crushed the specimens of Pyrgo to check the inside of the shells for presence of diagenetic carbonate fillings inside different chambers as in Keigwin (1979) . All specimens analyzed were pristine also on the inside of the shells.
Age models
We constructed the age models of sediment cores HH12-946MC and HH12-948MC based on twelve and four calibrated planktic foraminiferal 14 C dates, respectively (Fig. 2) . The planktic radiocarbon dates were calibrated using the Calib7.04 program and the Marine13 calibration dataset (Reimer et al., 2013) . We implemented the reservoir age correction of 405 yr inherent in the Calib program (Stuiver and Reimer, 1993) , which is close to modern reservoir age of the surface ocean in the open Nordic Seas of ∼400 yr (e.g., Mangerud et al., 2006) . The surface reservoir ages varied during the glacial period due to changes in ocean circulation and carbon cycle (e.g., Bard, 1988) . We lack information about temporal changes in reservoir ages at the central Fram Strait during the last glacial. However, we discuss in detail the effects of past changes in reservoir ages on our results as well as on the age models (see Discussion Hebbeln et al., 1994; Dokken and Hald, 1996) and PS1243 (69 • 37 N; 06 • 55 W, 2711 m water depth; Bauch et al., 2001; Thornalley et al., 2015) . Accordingly, the age models were re-calculated to obtain comparable time-scales with our sediment cores HH12-946MC and HH12-948MC ignoring possible, but probably small, spatial variabilities in reservoir ages at a given time for these nearby core sites. The originally published age models for the time intervals of interest in this study (see section 2.2) are based on planktic foraminiferal 14 C dates except for core PS1243, which is based on alignment of marine planktic foraminiferal δ
O and
Greenland ice core δ 18 O (Thornalley et al., 2015) . Thus, the modification to these age models, except for core PS1243, only includes the use of the radiocarbon calibration of Reimer et al. (2013) instead of using no (e.g., Hebbeln et al., 1994) or other calibration curves (e.g., Müller and Stein, 2014) . We also discuss the potential impact of using the age model from Thornalley et al. (2015) (see Supplementary Fig. 2 ). The sedimentation rates in both cores range from 1 to 3 cm/kyr, except for the interval 19.7-19.5 ka in core HH12-946MC, where the calculated sedimentation is 6 cm/kyr (Fig. 2) . Thus, a 0.5 cm sample spans ∼300-500 yr, which potentially can induce a large error on 14 C dates (e.g., Peng and Broecker, (Table 1) , we assume the error is insignificant.
Selection of sediment cores, foraminiferal species and time-slices
The δ 18 O records of three sediment cores from the central Fram Strait (Zamelczyk et al., 2012 (Zamelczyk et al., , 2016 and this study) and one sediment core from the central Nordic Seas (Bauch et al., 2001 ) are compared (Fig. 3 ). All planktic, epifaunal and infaunal benthic δ 18 O records from both areas display the same glacial to interglacial variability (Fig. 3) . Bauch et al. (2001) (Fig. 3) , which merits further investigation. Similar to the central Nordic Seas (Bauch et al., 2001) , our records show that the benthic foraminiferal assemblages from the deep Fram Strait are dominated almost exclusively by O. umbonatus during the LGM (Supplementary Fig. 1 ). We therefore focus the discussion on O. umbonatus as this species is most likely to record the average long-term bottom water conditions during the LGM in the deep Fram Strait and the northern/central Nordic Seas (see also Bauch et al., 2001) .
We mainly base the reconstruction of the past ocean ventilation in the Fram Strait on sediment core HH12-946MC, because it is the longest record (spanning the past ∼40 kyr) of our three sediment cores. In this study, we focus on the past 33 kyr. The sediments dating from the deglaciation >2500 m water depth from the Fram strait in both cores HH12-946MC and HH12-948MC contain only a few calcareous and agglutinated foraminifera or are completely barren (Fig. 3) . This was also found by Zamelczyk et al. (2012) in nearby core JM06-16MC (Fig. 3) . Whether the absence of foraminifera resulted from unfavorable environmental conditions, such as extremely high salinity, low oxygen or low food supply, or from post-mortem dissolution requires further investigation. However, we note that this feature has not been recorded from other deep areas (>2500 m water depth) further south in the Nordic Seas (e.g., Bauch et al., 2001; Thornalley et al., 2015) , or from shallower areas in the Fram Strait (Bauch et al., 2001) . In deep-sea records from the central Arctic Ocean, sediments from the late deglaciation (∼13.5-10 ka) also contain calcareous foraminifera (e.g., Hanslik et al., 2010) . Thus, it seems that this feature was restricted to the deep central Fram Strait. Future work focusing on biomarkers and sediment provenance may help to clarify the origin of this largely carbonate/foraminifera free sediment interval. In this study, we therefore focus on three time slices: late Marine Isotope Stage 3 (MIS 3) (33-26 ka), LGM (26-20 ka) and early/mid Holocene (10-5 ka).
Results and discussion

Ocean circulation changes in the Fram Strait leading to and during the LGM
The 14 C age differences between the co-existing benthic foraminiferal species O. umbonatus and the planktic species N. pachyderma (B Ou -P Np age difference) range from ∼2200 to 1400 14 C years during late MIS 3 (∼33-26.5 ka) (Fig. 4e) . These B Ou -P Np age differences are an order of magnitude higher than the modern deep to surface water 14 C age difference in the region (∼100 yr)
indicating a strong stratification of the water column during late MIS 3 and pointing to reduced deep water formation in the Nordic Seas. However, presence of an active, but shallower convection cell cannot be ruled out. The absence of independent constraints on the calendar age chronology and surface reservoir age offsets prevents an exact estimate of the ventilation age of the deep water (i.e., B-A 14 C ventilation age). If near-surface reservoir age estimates from the central Nordic Seas (∼400-650 yr; Thornalley et al., 2015 ; see Fig. 4d ) are assumed to apply, the B-A age difference in the deep Fram Strait would have been ∼2000
14 C years during late MIS 3. These B-A age difference estimates should be taken with a great caution, because of the large distance between the two areas ( Fig. 1) and the large uncertainties associated with the surface reservoir ages in Thornalley et al. (2015) . It has been suggested that surface advection of Atlantic water to the eastern Fram Strait took place during late MIS 3 based on high abundance of planktic foraminifera (Hebbeln et al., 1994; Dokken and Hald, 1996; see Fig. 4a ). Studies based on phytoplankton-produced sterols and C25 isoprenoid lipid (IP25) from the eastern Fram Strait however, suggest that perennial sea ice conditions generally predominated in the period ∼30-26.5 ka (e.g., Müller and Stein, 2014;  see Fig. 4b, c) . It is therefore possible that the Fram Strait during late MIS 3 was similar to the Arctic Ocean today, where the sea ice cover is insulated from subsurface Atlantic water by a cold halocline (e.g., Aagaard et al., 1985) , but with significantly reduced deep-water formation.
At the transition from MIS 3 to LGM at ∼26 ka, all proxy records show distinct changes (Fig. 4) (Fig. 4f, g) an enhanced nutrient gradient in the water column (cf., Kroopnick, 1985) and points to increase in primary productivity. The increase in the concentration of phytoplankton-produced sterols, though highly variable, in the eastern Fram Strait during the LGM relative to late MIS 3 supports the suggested increase in primary productivity during the LGM (Müller and Stein, 2014; Fig. 4c LGM may have been caused by the continuing growth of the LGM ice sheets until 21 ka (e.g., Hughes et al., 2016) . Possible changes in the surface-deep water temperature and/or salinity gradient may have caused/contributed to the observed changes in B Ou -P Np δ 18 O difference from late MIS3 to LGM, which represents a source of uncertainty in our interpretations of B Ou -P Np δ 18 O difference changes. Thornalley et al. (2015) observed an increase in near-surface reservoir ages in the central Nordic Seas from ∼450 14 C years in late MIS 3 to ∼1400 14 C years during the LGM (Fig. 4d) . Upwelling of deep aged water could have caused this increase in the nearsurface reservoir age. If this is correct, it would imply that the decrease in the B Ou -P Np age difference resulted from an increase in the near-surface reservoir age and aging of the entire water column, rather than from a decrease in the deep water reservoir age. Taking these near-surface reservoir ages into account, the ventilation age of deep water in the Fram Strait may have remained around 2000 14 C years during the late MIS 3 and the LGM, though the water column mixing processes and dynamics were very different during these two time periods. We acknowledge the large uncertainty in our estimates for LGM deep water reservoir ages given the poor control on the calendar age chronology in our records, and the large uncertainties associated with the surface reservoir age estimates in Thornalley et al. (2015) . Nevertheless, these estimates are consistent with deep-ocean reservoir-age reconstructions from the southern Norwegian Sea and the North Atlantic for the LGM (Ezat et al., 2017; Skinner et al., 2014).
Reassessment of Arctic Mediterranean ventilation age reconstructions
Our result from the Fram Strait has significant implications for previous 14 C ventilation-age reconstructions from the Arctic Mediterranean and the subpolar North Atlantic. As mentioned above, Thornalley et al. (2015) published data that indicated that Arctic Mediterranean deep water aged by up to >10,000 14 C years during the LGM. A later study by Ezat et al. (2017) based on sediment cores from ∼1200 m water depth from the southern Norwegian Sea and the Iceland Basin showed that radiocarbon dates measured in Pyrgo and other miliolids apparently confirmed old ages of deep-water overflows of >6000 yr from the Arctic Mediterranean to the subpolar North Atlantic during the last deglaciation. However, radiocarbon dating of other benthic foraminiferal species from the same sample set yielded ventilation ages <2500 14 C years (Ezat et al., 2017) . Two scenarios for the interspecies benthic foraminiferal 14 C age offsets were proposed. First, different benthic foraminiferal species dated from the same sample that may span tens to several hundreds of years could represent ephemeral events within the time period that a given sampling depth represents. This interpretation implies persistent high frequency (centennial to decadal) and high amplitude (>5000 yr) variability in the ventilation age of Nordic Seas overflows during the last deglaciation. Alternatively, the ages given by Pyrgo species may simply be too old. This enigma represents a critical obstacle to make robust inferences about ocean circulation changes and North Atlantic-Arctic Mediterranean deep-water exchanges in the light of bottom water 14 C ventilation-age reconstructions. It is therefore crucial to investigate the reliability of the radiocarbon dates measured in Pyrgo species from the glacial and deglacial sediments from the Arctic Mediterranean and the subpolar North Atlantic Ocean. A key observation in the study of Thornalley et al. (2015) is the abrupt aging of deep water in the northern Norwegian Seas to 7640 14 C years (with B-P age of 6210 14 C years) at ∼22 ka (at uncalibrated planktic 14 C date of 19,790 yr before present (BP)).
The authors suggested that pre-aged water from the central Arctic Ocean flowed into the Norwegian Sea through the Fram Strait during the LGM. Sediments dating from the LGM from the Fram Strait should therefore record the hypothesized outflow of 'extremely aged' Arctic deep water. However, our LGM B-P age differences from the Fram Strait do not support an outflow from the Arctic Ocean with >6000 14 C years old water to the Nordic Seas (Fig. 4e , Table 1 ). These contrasting results are most likely due to the use of Pyrgo for 14 C measurements in previous reconstructions (Ezat et al., 2017) . It is important to note that the LGM sediments in our records from the Fram Strait do not contain any Pyrgo species and radiocarbon dates could only be obtained on O. umbonatus (the only abundant calcareous benthic foraminifer; Supplementary  Fig. 1 ). There is a small peak in the abundance of Pyrgo species in core HH12-946MC during late MIS 3 (33.5-26 ka), and their radiocarbon dates are 6000-8000 yr older than the dates performed in O. umbonatus (Supplementary Fig. 1 ; Thornalley et al., 2015; see above) . We would expect that the signature of the extremely aged water to appear earlier or nearly at the same time in the northern Norwegian Sea compared to the southern Norwegian Sea to be consistent with the scenario proposed by Thornalley et al. (2015) . Thus, this result support the evidence that the older 14 C dates measured in Pyrgo species compared to other species in the samples are not a result of recording bottom-water radiocarbon activity. A remaining question is what did cause the too old Pyrgo 14 C dates? Magana et al. (2010) proposed that similarly old Pyrgo ages from deglacial sediments from the Santa Barbara Basin in the eastern Pacific Ocean were caused by presence of radiocarbon-free hydrocarbons in the calcifying environment. This was based on the associated low Pyrgo δ 13 C (−4 to −8h). In contrast, the old Pyrgo 14 C ages from the Nordic Seas are associated with high δ 13 C of 0.6 to 1.1h, which are ∼1.5 h higher than δ 13 C of coeval infaunal benthic species of much younger 14 C ages (Table 1 , see also Thornalley et al., 2015; Ezat et al., 2017) . At 332 m water depth off Northern Norway, samples of deglacial age dated on Quinqueloculina sp. and mixed miliolid species yielded 14 C ages that are up to 5000 yr older than their stratigraphic chronology and coeval bivalve shells (Vorren and Plassen, 2002) . In Holocene shelf sediments from Skaw Spit, Denmark, mixed miliolid species also gave up to 5000 yr older ages than coeval other benthic foraminifera and bivalve shells (Heier-Nielsen et al., 1995) . This was here interpreted as miliolids had been laterally transported from older sediments. Lateral or downslope reworking of older fossil Pyrgo specimens seem also a plausible explanation for the too old ages recorded for some time intervals in the Nordic Seas and the subpolar North Atlantic (Ezat et al., 2017 and references therein). Indeed, Vorren and Plassen (2002) and Heier-Nielsen et al. (1995) studies suggest that 14 C dating of miliolid species other than Pyrgo species may also be questionable, but this requires additional investigation. Ezat et al. (2017) speculated that the too old ages of Pyrgo species in the glacial Arctic Mediterranean might have resulted from unknown 'vital effects' adopted by Pyrgo species under specific environmental conditions. For example, microbial fermentation (e.g., by endosymbiotic microbes) of old organic matter, which may have been more readily available during glacial icerafting and/or meltwater discharge events, will result in high δ 13 C and 14 C-depleted bicarbonate (see Carothers and Kharaka, 1980) . However, Pyrgo species from deglacial and glacial sediments do not always date too old. For example, Pyrgo dates from the central Nordic Seas at ∼28-23 ka and ∼16.5 ka give ventilation ages <2000 yr (Thornalley et al., 2015) . We are thus not able to specify the exact mechanisms responsible for the old Pyrgo 14 C ages (indeed, different mechanisms might prevail in different contexts), however we can confirm that an Arctic deep outflow of >6000 yr old water to the Nordic Seas during the LGM (26-20 ka) could not be traced to its putative source in our Fram Strait records.
Implications for the LGM climate
Bottom water temperature reconstructions from the FaroeShetland Channel at 1200 m water depth from the southern Norwegian Sea show persistently high bottom water temperature (∼3 • C higher than modern) at 26-20 ka comprising the LGM (Ezat et al., 2014) . This increase in bottom water temperature has been explained by inflow of warm Atlantic water below a buoyant layer (Ezat et al., 2014) as previously suggested for glacial stadial periods (e.g., Rasmussen and Thomsen, 2004) . Upwelling of deep water in the Fram Strait and probably in other areas in the northern Nordic Seas provides an outflow pathway that may be necessary to maintain the subsurface inflow of Atlantic water into the Nordic Seas. This subsurface northward inflow of Atlantic water and subsequent upwelling during the LGM may have provided a source of local moisture for the Svalbard-Barents Sea Ice sheet (e.g., Hebbeln et al., 1994) , which continued to grow until 21 ka (e.g., Hughes et al., 2016) . This is in agreement with biomarker studies from the Fram Strait and the eastern Yermark Plateau that show mainly seasonal sea-ice during the LGM and not a permanent sea-ice cover (Müller and Stein, 2014; see Fig. 4b, c) . The increase in primary productivity due to upwelling of nutrient-rich water may have enhanced photosynthetic removal of CO 2 from the surface ocean enhancing local oceanic CO 2 uptake from the atmosphere. However, a more direct proxy for surface ocean pCO 2 would be needed to confirm this, as the pCO 2 drawdown via increased primary productivity may have been balanced or exceeded by the effects of higher total dissolved CO 2 in the upwelled deep water.
Furthermore, our finding that the Arctic Ocean was not extremely aged during the late glacial has important implications for the interpretation of ocean circulation changes in the North Atlantic. For example, Keigwin and Swift (2017) found indications of presence of a relatively young and nutrient-depleted water mass during the LGM (21-18 ka) at 5000 m water depth in the subtropical western North Atlantic. The authors of this study excluded the Arctic Mediterranean to be the source of this water mass because of previous inferences of an extremely aged (and thus likely isolated) deep Arctic Mediterranean (Thornalley et al., 2015) . Instead, they suggested the Labrador Sea as the most likely source. With our new results, the Arctic Mediterranean should not be ruled out as a possible source of this deep-water mass in the Western North Atlantic. In principle, water mass source proxies (e.g., Nd isotopes) from both regions could potentially reveal the source of the 5000 m deep water mass found in the western North Atlantic during the LGM.
Finally, the close timing between the decrease in atmospheric radiocarbon content ∼26-20 ka (e.g., Reimer et al., 2013) and our 'inferred' upwelling of aged (∼2000 yr old) deep water in the Fram Strait (and probably in other areas in the Nordic Seas) suggests a possible non-negligible impact on the (radio-)carbon cycle via the high northern latitudes. These findings therefore encourage additional work to further explore the spatial extent of upwelling and/or deep mixing in the Nordic Seas, and to assess the impacts on ocean-atmosphere exchanges of heat and carbon.
Conclusions
In this study, we have reconstructed deep ocean circulation changes in the central Fram Strait in two records from >2500 m water depth, using 14 C dates on benthic and planktic foraminiferal species alongside multispecies carbon and oxygen stable isotope measurements. We show that the hypothesized model of Arctic purging of extremely aged deep water (>6000 yr old water) into the Nordic Seas during the LGM and to the subpolar North Atlantic during the last deglaciation is likely biased due to the use of Pyrgo species for dating. Our ventilation age estimates show significant aging (∼2000 yr old water) and strong stratification during late MIS 3 in the Fram Strait suggesting a dramatic reduction/shoaling of deep-water formation in the Arctic Mediterranean. During the LGM, ocean stratification broke down due to enhanced vertical mixing, which resulted in an increase in primary productivity. We show that the physical oceanographic and biological state in the Fram Strait and northern Nordic Seas during the period 26-21 ka could have contributed to the final intensification phase of the last glacial via local ocean-atmosphere exchange of heat, moisture and carbon, thus underlining the climatic importance of positive feedbacks between the atmosphere, ocean circulation, carbon cycle, and cryosphere in high northern latitudes.
